We investigate the elasto-plastic deformation properties of a 20-nm-thick copper (Cu) thin film. A nanoscale cantilever specimen is fabricated from multilayer thin films, where the Cu thin film is sandwiched between a silicon nitride layer and a silicon substrate. During bending, the load, P, and displacement, d, are carefully monitored using an electron microscope, and a distinct non-linearity is observed. The plastic constitutive equation of the Cu thin film, which is assumed to obey a power hardening law (σ = Rε n (σ > σ y )), is inversely derived by finite element method fitting the experimental results. The residual stress in each layer is experimentally examined, and the effect is included in the inverse analysis. We obtain σ = 3316ε 0.29 [MPa] and a yield stress of 765 MPa for the Cu film. The yield stress is about 10 times higher than that of the bulk, and the exponent is also larger. Moreover, inverse analysis based on the bending experiment data, without considering the residual stress, gives a good approximation of the plastic law. This is because the plastic deformation preferentially takes place at the top and bottom surfaces, where the residual stress is relieved during fabrication of the specimen.
Introduction
Further miniaturization of advanced electronic devices requires a reduction in the thickness and width of the metal lines, resulting in sizes of several to several tens of nanometers [1] [2] . It is necessary to accurately understand the material properties to design devices with sufficient strength to ensure device reliability. On the other hand, metals with dimensions less than a micrometer possess plastic deformation properties different from those of the bulk [3] [4] [5] . Furthermore, since the device components are surrounded by dissimilar materials [6] [7] , the resulting deformation constraints may affect the plastic behavior. Thus, nano-sized metal components in electronic devices are expected to show specific deformation properties due to both their size and their constraints.
Thin films deposited on substrates generally possess residual stress, due to the peculiar atomic arrangement and the difference in thermal expansion coefficients between the film and the substrate [8] [9] . Consequently, the effects of residual stress should be taken into account in the analysis of the mechanical properties of thin films [10] . However, there has been no report on the plastic deformation properties of nano-sized metal components which includes the effects of residual stress.
The purpose of this study is to investigate the plastic deformation behavior of a nano-sized copper (Cu) component with a thickness of 20 nm and an area of 280 nm × 125 nm, which is restrained by dissimilar materials. The effect of the residual stress on the elasto-plastic constitutive equation is also examined.
Experimental Observation of the Plastic Deformation of a 20-nm-thick
Cu Film
Experimental Procedure
We examine multi-layer thin films of Cu (20 nm thick) and silicon nitride (SiN) (500 nm thick), deposited on a silicon (Si) (100) substrate with a thickness of 500 μm by magnetron sputtering at rates of 24 and 10.5 nm/min, respectively. Deposition is performed at a chamber pressure of 0.67 Pa after the native oxide layer on the substrate is removed by argon ion etching. Platinum (Pt), carbon (C), and tungsten (W) layers are deposited to protect the SiN layer during the subsequent focused ion beam (FIB)
processing.
Figure 1(a) illustrates the specimen configuration and loading [11] [12] . The specimen is carved out of the multilayer material by focused ion beam processing. A load is applied to the SiN layer away from the Cu film. The displacement at the arm tip is monitored during the experiment using an electron microscope, as will be explained later. By varying the ratio of arm length to height, l/h, the deformation can be precisely measured, because the arm amplifies the displacement. In this study, l/h is set to about 6, considering the precision of FIB processing. Since the yield stresses of the Si substrate and the SiN layer are much higher (Si: σ y > 3.4 GPa [13] , SiN: σ y > 8.4 GPa [14] ) than that of Cu, the Cu thin film preferentially deforms after yielding.
The fabrication procedure is as follows.
(1) A block with a size of 10 × 10 × 10 μm 3 is carved out of the multilayer material.
( Fig. 2(a) ) ( 2) The block is picked up by a micro glass probe using electrostatic force. ( The load is supplied by a small device consisting of a stage which can move in three orthogonal directions and a diamond chip with a load sensor, as shown in Fig. 4 .
The measurement range of the load is 0-100 μN. The gold wire with the specimen is set on the stage, and the cantilever is loaded by pushing it against the chip. The moving speed of the stage is 8 nm/s. The displacement at the specimen tip is measured using a transmission electron microscope (TEM) with the loading device installed. TEM observation is adopted because it has the advantages of precise measurement of displacement and precise location of the interfaces and contact area of the loading chip.
Metallographic observation of the specimen interior is outside the scope of this work. 
where E, R, n, ε, and σ y are the Young's modulus, strength coefficient, strain hardening exponent, total effective strain, and yield stress, respectively. At the yield point, we have
so R is given by the unknown quantities E, σ y , and n. Since we can use the bulk elastic constants, as shown in Sec. 2.2, the only unknown parameters are σ y and n.
The derivation procedure of σ y and n is as follows:
(1) Arbitrary points (points A and B) are selected in the non-linear portion of the load-displacement curve ( Fig. 6(a) ).
(2) The combination of σ y and n, which fulfills the displacement at point A as measured by the experiment, is found using elasto-plastic FEM by trial-and-error ( Fig. 6(b) ). Since two parameters can not be determined at once from one experimental point, this establishes a relationship between σ y and n, as schematically shown in Fig. 6 (b).
(3) In the same way, the combination of σ y and n at point B is derived through FEM (Fig. 6(c) ). The broken line in Fig. 6(c) shows the relationship determined from point B.
(4) The intersection between the two lines gives the combination of σ y and n ( For the accurate analysis, it is important to identify the exact shape of the specimen. The FEM model is created using the following procedure and commercial three-dimensional CAD software:
(1) The specimen is divided into several regions on the basis of TEM and scanning electron microscope images. Regions with complicated shapes are divided into still smaller regions ( Fig. 7(a) ). (2) The outlines of the cross-sections of the cantilever are identified (Fig. 7(b) ).
(3) Combining the outlines by spline interpolation, the analytical model is constructed (Fig. 7(c) ).
The model is divided into meshes by the ABAQUS/CAE as shown in Fig. 3, where the region near the interface has a finer mesh. A perfect constraint condition is imposed on the left and bottom edges of the model.
The elastic constants in the analysis are summarized in Fig. 3 . Here, the Young's modulus of the SiN layer, E = 197 GPa, is measured by a nano-indentation test. A uniform distributed load, p, is applied to the region where the loading chip makes contact. 
Plastic Behavior
Before the inverse analysis of plastic deformation, we examined the distribution of residual stress in the specimen. The residual stresses (Cu: 760 MPa, SiN: -290 MPa)
are imposed on the Cu and SiN layers in the specimen model shown in Fig. 3 . Then, they are allowed to relax by FEM. Figure 10 shows the distribution of normal stress, σ z , in the Cu thin film before the inverse analysis. Although the average value of internal stress is about 760 MPa, it is almost zero near the outer surfaces ( Fig. 10(a) ).
The FEM inverse-analysis considering the residual stresses in the Cu thin film and the SiN layer is carried out for points A (106.0 nm, 7.4 μN) and B (71.0 nm, 5.3 μN)
in the P-d curve. Figure 11 shows the σ y -n relationships, and the elasto-plastic constitutive equation of the Cu thin film is given by the intersection as follows: MPa, despite a residual stress of 760 MPa. The residual stress, which is in the plane of the film, decreases near the outer surface of the specimen (See Fig. 10(a) ) because the stress must be zero at a free surface. In bending, the stress concentrates near the upper and lower outer surfaces of the specimen, and yielding preferentially occurred there.
Consequently, the effect of the residual stress on the initial yield is small in this testing method. In other words, the method adopted here (Fig. 1) gives a very similar relationship (Eq. (3)) to the universal one (Eq. (5)), despite the lack of residual stress. Thus, as a first approximation we can ignore the residual stress when we seek the constitutive relation by this experimental method. Fig. 13(b) ). However, when residual stress is included, the plastic strain appeared primarily at the bottom region. This is due to the in-plane tensile residual stress of the Cu thin film. The hydrostatic stress, which does not contribute to the plastic (slip) deformation, increases in the upper region, while the shear stress component, which strongly involves slip deformation, develops in the lower region. 
Conclusions
A nano-scale specimen is carved out of a multi-layered material in which a 20-nm-thick Cu thin film is sandwiched between a SiN layer and a Si substrate. We then experimentally and computationally investigate the plastic deformation behavior and the effects of residual stress on the specimen. We developed a methodology to test the mechanical behavior of nano-components. By adopting a specimen with a long arm, the displacement of the arm tip is precisely measured in a bending experiment involving a nano-cantilever. A distinct nonlinearity is identified in the load-displacement relationship. The residual stresses of the Cu thin film and the SiN layer were σ Cu ＝760 MPa (tensile stress) and σ SiN ＝-300 MPa (compressive stress), respectively. The taking into account the influence of residual stress. The yield stress of the Cu thin film is about 10 times higher than that of the bulk, and the exponent is larger as well. In this method, the effect of residual stress on the stress-strain relationship is limited, because fabrication of the cantilever relaxed the residual stress near the outer surfaces of the specimen where the initial yielding occurs under the experimental loading. This indicates that we can derive the precise constitutive equation by this method without requiring information on the residual stress.
